SHEAR- ENHANCED SYSTEMS AND METHODS FOR REMOVING 
WASTE MATERIALS AND LIQUID FROM THE BLOOD 
Field of the Invention 

This invention relates to systems and methods 
5 that remove waste materials and liquid from the blood of 

an individual whose renal function is impaired or 

Background of the Invention 

For various reasons, including illness, Injury 
10 or surgery, patients may require replacement or 

supplementation of their natural renal function in order 
to remove excess fluid or fluids containing dissolved 
waste products from their blood. Several procedures 
kn:wn for this purpose are hemodialysis, hemof i I tra *: ion , 
1 5 hemodia filtration and ul t raf i 1 or at ion . 

Summary of the Invention 

The invention provides shear-enhanced systems 
and methods for removing waste materials and liquid from 
the blood. 

20 The systems and methods convey trie hlood 

inner and outer surfaces carries a membrane that consists 
— essentially of either a hemo f i 1 t r a t : on membrane or a 



condition that induces transport of cellular blcod 
components from the membrane while plasma water and waste 
material, are transported to the membrane for transport 
across the membrane. 
5 The circulatory forces of the vortical flow 

condition clear the membrane surface of occluding 
cellular components to maintain efficient operation. The 
circulatory forces also supplement the shear forces 
exerted on the blcod by viscous drag. Due to the 

10 circulatory forces, the concentration of waste materials 

In the ol ji.'d plasma wd.e: be junitjs iiiurt horn : g enous . As a 
result, the transport of waste materials and associated 
blood plasma water across the membrane is significantly 
enhanced. Shear-enhanced waste removal makes possible the 

15 use of smaller processing devices and/or processing at 

reduced blood flew rates. 
Brief Description of the Drawings 

Fig. 1 is a schematic view of a system that 
includes a blood processing unit for removing waste 

2 0 material and plasma water from the blood; 

Fog. 2 is a side section view of one embodiment 
of a blood processing unit that the system shown in Fig. 
1 can incorporate for the purpose of performing shear- 
enhanced h emo f i 1 1 r a t i o n ; 

2 5 F.i. 3 . -j : .= a side section view cf another 

Or :n c c ) d i :n e r: t c : a b 1 c o a p r o c e - s s i n g u n : t t h a t t he s y s t e m 
sriown In Fig. 1 can Inco t pc r a te for the purpose o: 
performing shear-enhanced he-mod la lysis; 

Fig. 1 is a side section view of another 

30 embodiment of a blood processing unit that the system 

shown in Fig. i. can incorporate i or the purpose c l" 
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p e r f o r m i n cj shear-enhanced hej.of i 1 t rat 10 n a n d 

hemodi a 1 y s i s ; 

Fig. is an enlarged and simplified 

perspective view of a gap formed between a stationary and 
5 rotating concentric surfaces, of a type that the blood 

processing units shown in Figs. 2 to 5 incorporate, in 
which vortical flow conditions provide shear-enhanced 
waste- material and plasma water removal; and 

Fig. 7 is an enlarged side sectional view of 

10 the vortical flow conditions shown in Fig. 5 that provide 

;;i'^--;::iaived waste mater ial and plasma water remova. . 

The- invention may be embodied in several forms 
without departing from its spirit or essential 
characteristics. The scope of the invention is -defined 

15 in the appended claims, rather than in the specific 

description preceding them. All embodiments that tall 
within the meaning and range of equivalency of the claims 
are therefore intended to be embrace:; by the claims. 
Description of the Preferred Embodiments 

2 0 Fig. 1 shows a system 10 for removing waste 

material (e.g., urea, creatinine, and uric acid) and 
piasra water from the blood of an ir.cividual whose renal 
function is impaired or lacking. The system .10 includes 
a blood pro:essin<j unit 12 that receives whole blood from 

- l :. rdividuu.. Tree inoivi iua ! typically has : roe or ::;ci-: 

processing unit. 1 2 to the circulatory system of the 
individual. In the illustrated embodiment, arterial whole 
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the manner in whi ch waste material is transported by the 
m e mb r a n e 18. Gen e rail y speaking, v;a?te material c a r r i e d 
in blooo plasma water can be separated by the membrane 13 
from the whcle blood either by conveetive transport, 
5 which is driven by pressure differentials across the 

membrane (in a process known as hemof i It ration) , or by 
diffusion, which is driven by concentration gradients 
Ei-:;r:>ss the membrane (in a process known as hemodialysis) . 
The waste materials and associated b.cod plasma water are 

10 remival from the 1:1 cod processing unit 12 through a waste 

p a th 2 1) for di sea rd , 

The pores if the membrane 13 desirably have a 
mile ::uLar weight cut-off that blo:;k the passage of 
eel 1 _;1 ar blood ;:.npor.ent£ and larger peptides and 

15 proteins (including albumin'' across the membrane . These 

?. jmr ments are retained in the blool, which is conveyed 
t roir. the bio 3d processing unit 12 thrcuch an outlet path 
.2 2 for return to the individual. In the illustrated 
embodiment, the treated blood is returned to the venous 

20 bleed circulatory system cf the individual. 

Fresh physiologic fluid, called replacement fluid, 
is typically supplied frorr a source 24 to the plasma 
water and toxin-depleted blood. The replacement fluid 
restores, at least partially, a normal physiologic fluid 
1 : -3 : : d e I e c r o 1 y t :. c b a 1 c j r. c e to : h e i ; .1 o o d r et u me d t - :< t r. - :• 


-u . u : c)... ^ v. : ^ u i o supp i ^ e a c a n oe mom tore d , e . g . , b y 

gravimetric means, sc that a desired volumetric balance 
can be achieved. An ultrafiltration f ur.ct i on car; a 1 s c be 
:■" t ; . - • . ■ ■ i \ . n • ■ i . i- .; pu v. ■ v.. " * s s ; n g u n 1. 1. . ^ . . , l 1 v w n i o n 


treatment sessions. 

The blood processing unit 12 includes a processing 
cartridge 2 6, in which the membrane 18 is housed. The 
cartridge 2 6 is desirable disposable anil, in or.e 
5 representative embodiment (see Fig. 2), includes a 

generally cylindrical housing 28, which is sized to be 
conveniently manipulated by an operator. The housing 23 
can be oriented for use either horizontally or 
v e r t: : c a 1 \ y , c r a n y intermediate p c s i t i :> n . 

10 An elongated cylindrical rotor 30 iwhir.h car aloo 

:">•=■ ^alLeo a " sp.i nn : r " ) is rotatably supported within tue 
rousing 2E between oppositely spaced pivot bearings :'-2 
and • 4. The rotor 30 rotates within the housing 28, whion 
i r= held stationary during _:se. However, other manners of 

15 operation are possible, and the riosin;: need not be held 

s t a t r onar y . 

An annular gap 86 is formed between the outer 
surface cf the rotor 7 2 and the Interior wall 36 of the 
housing 28. Whole blood in the inlet path 14 is conveyed 
20 througn a blood inlet port 40 into the gap 36 for 

processing by the inlet pump 16. After processing, the 
b .1 o o d i s :l i s c h argei f r on the gap 3 6 t h r o> u g h an op p o s i t e I y 
spared outlet port 42, which communicates with the olocd 
return oath 22 . 


ent , a magnet: 


7 r. one :. I lust rated onhodim 

r .„ : a t i :\q :r a g n e t : c t i e 7 d genera: e d b y an e :■: t e r n a 1 , 
rotating magnetic drive member 46, which releasably 
3 0 engages the adiucent end of the nous i no 2 3 for use. The- 




- 6 - 


ID 


15 


20 


filtration can oe found m Unit-id States Patent No. 
5,194,145 and United States Patent No. 4,965,846, whioh 
are incorporat e d h e r e i n b y r e f e r e n:e . 

Further details of construction and operation of 
the processing cartridge 26 can differ, depending upon 
the type of blood processing sought to be performed. If 
hemof ll oration is to be performed, the membrane 18 
comprises an appropriate hemof i 1 t ra t i on membrane (as Fig. 
2 shows . If hemodialysis is tD oe performed, the 
membrane 18 comprises an appropriate hemodialysis 
mem;., l an- (as Fi :js . 3 and 4 show). If hemodialyses with 
hem of i 1 1 rat i on is to be performed, the pro :essing 
cartridge 26 can include both =i hem of i 1 1 r a t ior. membrane 
and a hemodialysis merr.brane {as Fig. 5 snows.'. 

A. Hemofiltration 

In the embodiment shown in Fi j . 2, the rotor 30 nas 
:^n internal cavity 50 bounded by a grooved cylindrical 
wall 52 forming a network of channels 56. A 
hemof il tration membrane 54 covers the outer surface of 
grooved wall 52. The hemofiltration membrane 54 can 
comprise, e.g., a biocompatible synthetic material such 
^ 3 p o 1 y s u 1 f o n e , p o 1 y 3 ■:: r y 1 o n i t r i 1 e , 

{•; oiymethylmethacrylate , p oly vinyl -alcohol , poly amide , 
polycarbonate, etc., and cellulose derivatives. The pores 
of hemofiltration memb rane 54 desirably a 1 b~w passaae oi 

greater i h a n a o o u t 5 . , >■.:■ t a 1 t o r. s , t o a v o i i :. n e p a s s a a e 
of a 1 bum i n ( mo lecular we i g h t o f c 6 , U Ci C- 1 Da 1 1 o n s ) . 


.he network of channels 52 convey blood plasma 


water pass ing through th e m e mb r a n r- 


: n t. o 


r.he 


-.1 
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flows within the gap 36 in contact with tne 
h erno filtration memb rane 5 4. 

In response to the transmembrane pressure created 
by the pump 16, waste material and associat.ee blood 
5 plasma water flow frcm the gap 36 through membrane 31 

into the channels 56. Waste material and associated blood 
plasma water are discharged from the processing cartridge 
through the outlet port 58. Cellular blood components 
continue to flow within the gap 36 for discharge through 

10 tne outlet port 42. 

It s hoii Id be appreciated „hat, alternatively, the 
heme filtration membrane 3 4 can be mounted en the 
stationary wall 38 of the housing 28, instead of beinu 
mounted on tne spinning rotor 3D, as Fig. 2 shews. In 

15 this arrangement, the network of channels 5o 

communicating with the waste outlet port 58 would b- 
formed in the stationary wail 33, ana the membrane 54 
would overlay tne channels in the same fashion shown in 
Fig. 2. It should also be appreciated that, 

20 alternatively, a heme f i 1 1 rat ion membrane 54 uan 

mounted on both the spinning rotor 30 and the stationary 
wall 23 and used in tandem for waste material anil plasma 
water re mo va 1 . 

B. Hemodialysis 

tuuun i ca t ; ng with an inlet pert and an i-t per' 

64. A semipermeable hemodialysis membrane 66 overlays 
tne network of channels 60. The membrane 66 can, e.g., 


carries no membrane. The other side of the membrane 66 
races t.he channels 60. 

In operation, as the rotor 3D is rotated, t.he pump 
16 conveys whole tlood into the gap 36. The whole blood 
5 flows within the gap* 36 in contact with membrane 66. 

Fresh dialysate is circulated by a pump 70 from a source 
68 through the channels 60 via the ports 62 and 64. 
Desirably (as F.ig. 3 shews), the dialysate is circulated 
tnroagh the channels 60 in a flow direction opposite to 

10 the direction of whole blood flow in the gap- 36. 

A.: uloci ..lows through the cap 36, piasaiu water ic- 
conveyed across the membrane 66 due to transmembrane 
pressure created by the rurrp 16. Targeted waste materials 
are also transferred across the membrane 6.6 by diffusion, 

15 duo to 3 difference in concentration of these materials 

in tee bleed (high 'Concentrations) and m the fresh 
dialysate i lew concentrations) . In response to the high- 
to-low concentration gradient, waste materials flow from 
the jap 36 through the memrrane 66 into the dialysate. 

2 0 The waste materials are discharged with the spent 

dialysate out of tree processing cartridge; 26 to, e.g., a 
drain. Cellular fc 1 :od components continue to flow within 
the cap 36 f<_<r discharge through the outlet port 42 lor 
return to the individual. 

' -'"iO lotor 30 can . n elude ■> network of cocmels throunh 
v.' u_.cn o i c: _ y sat e c a n o e sir c a ^ -.j t e o in t n e maimer " cs t 
described, in this arrangement, a hemodialysis membrane 
74 overlays the network of channels 7 2 on the rotor 30. 
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itself (in which case the stationary interior wall 38 of 
the housing 26 would be free of a membrane. 

As shown in Fig. 3, the processing cartridge 26 can 
include a hemodialysis membrane 36 mounted :n either the 
5 rotor 30 or the interior housing wall 38 and a 

hemofilt ration membrane 54 mounted on the other location. 
In this arrangement, the processing cartridge 26 
accommodates hen dialysis with hemofi it ration, a process 
a L so called hemoaidfi J. oration . 

10 C. Shear-Enhanced Waste Removal 

In an annular gap Jb as just described, wnicli is 
defined between two concentric surfaces (e.g., the rotor 
30 and the interior housing wall !-■£), rotation of the 
inner surface relative to the outer surface can induce 

15 vortical flow conditions in the blood residing in the gar 

33. The vortical flow conditions take the form of 
successive, alternately circulating, annuii TV ;see Fig. 
o) in the gap 36 between the two concentric surfaces. 
This vortex action can be a type that can be generally 

20 classified as "Taylor vortices" ias designated as TV in 

rig. 5). The nature cf the Taylor vortices can vary 
among laminar stable Taylor vortices, wavy non-stable 
Taylor vortices, turbulent Taylor 'cortices, or other 
i n termed! ate vortical f 1 ow condi *: lens . 

• ;jap requrdles? whether the ccmhrane is mount ed 

: ■ - - e : u n e r s u r :: a c e o r c n t h e o u t er s u :face , or b c t. h 
surfaces. Taylor vertices develop on the blood occupying 
the gap 36 as a result of relative movement between the 
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rotate, the rate of rotation of the inner surface should 
exceed the rate of rotation o f the outer surface. 

The amplitude' of the vortex action, which is 
characterized by the Taylor number, is a function of the 
5 rate of rotation of the rotating surface and the radial 

dimension of the gap 36. At a given radial dimension, 
increasing the rate of rotation will increase the 
amplitude of the vertex action, leading t :> a higher 
Taylor number. Given a rate of rotation, narrowing the 
10 radial dimension of the gap 36 will also increase the 

.amp 1 1 1 uc.e v o r t. e x actio n , 1 e a d i ng to a i* ± uoej Ta } 'i •_> i 
number. It is believed that radial dimension of the gap 
36 and the rate of rotation should be selected to yield 
a Taylor number that is greater than the critical. Taylor 
15 number, at whi eh vor:i:al flow conditions develop. 

Transmembrane pressure is also desirably monitored 
and maintained .by controlling operation of the pump 16.) 
at a magnitude that maximizes fluid transport across the 
memb r a n e without d r i o t i n g c e 1 la 1 a r blood c omp o n e n t s i n t o 
2 0 the membrane pores, which can cause membrane plugging, 

hemolysis, and trauma to fragile cellular blood 
c omp o ner.ts r e s i d i n g w 1 1 h i n t h e g a p 3 6 . 

v\ n en m a i n t . a i n e d w 1 1 h i n d e s i r e o limits, t hi e vertical 
flow conditions provide a sweeping action in the gap 16 
It s Via. " : t he it : lanspcr : s oellulu: hb. od :--er.:::c nen t = 

rway from the re. ir.br an-- wh : ] ♦•• bleed r. basma wat carrying 
tie.' : . i r g e t e d u r c- m i c e o ;■: i u s i s r a n spor ted t o t h e m e rr. era n e 
for passage through the pores of the operative membrane. 
The circulation caused by the vortical flow conditions 
removes adherent cellular blood comoenen t s from the 


o 0 
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t r ansmembr fine pressure levels. The circulatory forces 
also supplement the shear forces exerted on the blood oy 
viscous dra;, which is tangential to the spinning 
membrane surface. Furthermore, due to the circulatory 
forces, the concentration of waste materials in the blood 
plasma water becomes more homogenous. In all, the 
transport of waste materials and associated blocd plasma 
water across the membrane is significantly enhanced. 
Shea r -enhanced waste removal makes possible the use of' 
smaller processing devices and/' dr processing at reduced 

x.-j.'^'^' 1 ^ a_ jl ^ 71 _'; O . 

If desired, ultrafiltration volume can be augmented 
by placing, either upstream or downstream of tn- 
processing (cartridge 2 6, an auxiliary processing 
Cartridge '< 7 6 {shown in phantom lines in Fig. 1). The 
auxiliary processing cartridge 76 subjects the blcod to 
plasma water remcval (either by hemodialysis ■: r 
heme f i 1 t ra t i on ) in addition to the plasma water removal 
by the processing cartridge 26. An auxiliary processing 
cartridge 7 6 can also be used in series with the 
processing cartridge 26, to provide waste removal by 
hemof il trat ion to augment waste remcval by hemodialysis 
conducted i: y the processing cartridge 26, or vise versa. 

Various features of the invention are set forth in 


